Abstract: By analyzing the meson spectra obtained in the constituent quark model, we find that the pseudoscalar mesons η ′ (2 1 S0) , η(4 1 S0), η ′ (3 1 S0) and η ′ (4 1 S0) are the possible candidates of η(1760), X(1835), X(2120) and X(2370). The strong decay widths of these pseudoscalars to all the possible decay modes are calculated within the framework of the 3 P0 model. Although the total width of η ′ (2 1 S0) is compatible with the experimental value of BES for η(1760), the partial decay width to ωω is too small, which is not consistent with the result of BES. If the state X(1835) is interpreted as η(4 1 S0), the total decay width is compatible with the experimental data, and the main decay modes will be πa0(980) and πa0 (1450), which needs to be checked. The assignment of of X(2120) and X(2370) to η ′ (3 1 S0) and η ′ (4 1 S0) is also disfavored in the present calculation because of the incompatibility of the decay widths.
Introduction
In 2005, the BES Collaboration observed a narrow peak in the η ′ π + π − invariant mass spectrum in the process J/ψ → η ′ π + π − with a statistic significance of 7.7σ. Fitting with Breit-Wigner function yields mass and width [1] M = 1833.7 ± 6.1(stat) ± 2.7(syst) MeV/c respectively. η(1760), which its nature is in controversial, was first reported by Mark III collaboration in the J/ψ radiative decays to ωω [3] and ρρ [4] . And DM2 collaboration observed a large bump peaked at 1.77 GeV/c 2 in ωω invariant mass distribution in the process of J/ψ → γωω (ω → π + π − π 0 ) [5] and the study of the decays J/ψ → γπ + π − π + π − and J/ψ → γπ + π − π 0 π 0 showed that both decays have a large ρρ dynamics [6] . The fitted mass and width are M = 1760±11 MeV, Γ = 60 ± 16 MeV. Recently BES collaboration reported its results on the decays J/ψ → γωω, ω → π + π − π 0 [7] . The mass and width turn to be M = 1744 ± 10(stat)±15 MeV, Γ=244 +24 −21 ± 25 Mev. Many works have been devoted to the underlying structures of X(1835) and η(1760) [8] . For X(1835), Some interpret it as a pp bound state [9] [10] [11] [12] . By calculating the mesonic decays of a baryonium resonance, Ding et al. claimed that the pp bound state favors the decay channel X → η4π over X → η3π [9] . In fact, it is just this work that stimulates the obser-vation of J/ψ → η ′ π + π − process in BES experiments. Using a semi-phenomenological potential model that can describe all the NN scattering data, Dedonder et al. found a broad spin-isospin singlets, S-wave quasibound state of NN , which can be used to explain the observed peak by BES [10] . Z. G. Wang and S. L. Wang also calculated the mass of X(1835), which as a baryonium in the framework of QCD sum rule and obtained a consistent result with experimental data. The large-N c QCD is also applied to study the state X(1835) as a baryonium [11] . Interpretation of X(1835) as a glueball or a glueball mixed with pseudoscalar meson or baryonium is also proposed by using QCD sum rule [13] [14] [15] [16] . Apart from these explanation for X(1835) as an exotic state, the conventionalpicture of X(1835) is also proposed. Huang and Zhu studied the behavior of X(1835) and thought that it can be taken as the second radial excitation of η ′ (958), in the effective Lagrangian approach [17] . The two-body decays of X(1835) as 3 1 S 0 are also calculated by quark-pair creation (QPC, or 3 P 0 ) model [18] , the results show that the decay width is sensitive to the mixing angle of two states X n = (uū + dd)/ (2) and X s = ss. Recently J. S. Yu et al. systematically studied the two-body strong decays and double pion decays of η-family and assigned the X(1835) to the second radial excitation of η ′ (958), X(2120 and X(2370) to the third and fourth radial excitation of η(548)/η ′ (958), respectively [19] . For η(1760), J. Vijande et al. assigned it to be 2 1 S 0 state of ss in the chiral quark model [20] . The assignment of η(1760) to the second radial excitation of η(548) is also proposed by J. S. Yu et al. [19] . Li and Page suggested it to be a gluonic meson [21] . Glueball mixed withpicture of η(1760) was also suggested by N. Wu et al. [22] . Stimulated by these experimental and theoretical work, we shall study whether η(1760), X(1835), X(2120) and X(2370) can be described in the simplest system-qq system.
In this work, the pseudoscalar meson spectrum is determined by the chiral quark model, the mixing angle between X n and X s is fixed through the system dynamics. Based on the mass spectrum, the possible candidates of X(1835), X(2120), X(2370) and η(1760) are assigned. Then the strong decay widths of the states are calculated in the framework of 3 P 0 model. to see the assignment is reasonable or not. The paper is organized as follows: a brief review of 3 P 0 model is given in section 2. The chiral quark model is introduced and meson spectrum and wave function scale parameter β of the involved mesons are obtained in section 3. The numerical result of the strong decay are shown in section 4. The last section is a summary.
Review of
3 P 0 model of meson decay
The 3 P 0 model also known as the Quark-Pair Creation (QPC) model, applied to the decay of meson A to meson B + C was first proposed by Micu [23] , and then developed by Le Yaouanc, Ackleh, Roberts et al [24] [25] [26] . The 3 P 0 model assumes that there is a pair of quark and antiquark created in vacuum. The quantum number of the pair of quark and antiquark is J pc = 0 ++ . Since vacuum is colorless and flavorless, so color and flavor singlet should be satisfied. The created pair recombines with the quark-antiquark pair in initial meson and form two mesons in the final state in two possible ways, which is shown in Fig.1 . In the non-relativistic limit, the transition operator T takes form as T = −3 γ m 1m1 − m|00 dp 3 dp 4 δ
where γ, which is a dimensionless parameter, represents the strength of the quark-antiquark pair creation from the vacuum and can be obtained by fitting the experimental data. To depict the meson state, we define
The wave function is normalized to
where
represent the spin, flavor and color wave function respectively; P A is the CM momentum of meson A, and
is the relative momentum ofpair. n A is the radial quantum number; |L A , M L A , |S A , M S A , |J A , M J A are the quantum number of orbit angular momentum betweenpair in meson A, the total spin of the pair and the total angular momentum, respectively;
To describe a strong decay process of A → B + C, the S-matrix is written out as
where P B = −P C = P, p = p 3 , and m 3 is the mass of the created quark. The spacial wavefunction one take is the simple harmonic oscillator (SHO) wavefunction.
In momentum-space, the SHO wavefunction reads
here Y LM L (p) is the solid harmonic polynomial; R is the parameter of SHO wavefunction; p is the relative momentum betweenpair within one meson;
is the Laguerre polynomial. The decay width can be written as follows
where M J L is the partial wave amplitude, which is related to the helicity amplitude M where J = J B + J C , J A = J B + J C + L. Then the decay width in terms of the partial wave amplitude is taken as, where |P| = |P B | = |P C |. According to the calculation of 2-body phase space, one can get
where M A , M B , and M C are the masses of the meson A, B, and C, respectively.
The masses of the mesons
To calculate the meson spectrum, a QCD-inspired model, constituent quark model, is used. The model incorporates the perturbative (one gluon exchange) and nonperturbative (color confinement and spontaneous breaking of chiral symmetry) properties of QCD. The constituent quark mass originates from the spontaneous breaking of chiral symmetry and consequently constituent quarks should interact through the exchange of Goldstone bosons [28] , in addition to the one-gluon-exchange. To describe the hadronhadron interaction, the chiral partner of pion, σ-meson, is also used. So the model Hamiltonian is
where r = |r 1 − r 2 | and p = (p 1 − p 2 )/2, r 0 (µ) =r 0 /µ, r g (µ) =r g /µ. Other symbols have their usual meanings. The effective running coupling constant is given by
where µ is the reduced mass of thesystem. The chiral coupling constant g ch is determined from the πN N coupling constant through
The meson spectrum is obtained by solving the Schrödinger equation, where χ SM S , χ c , χ f are spin, color and flavor wavefunctions of the meson, respectively and can be constructed through the symmetry. The spatial wavefunction Tables 2 and 3 . The detailed results can be found in Ref. [20] . To calculate the strong decay of mesons analytically in 3 P 0 model, the obtained radial part of the spacial wavefunction R nL (r) is fitted by the simple harmonic oscillator (SHO),
The fitted values of parameter β are also listed in Table 3 . For I = 0 states, there are two types of them, one is composed of u, d-quark andū,d-antiquark, another is composed of s-quark ands-antiquark. They are mixed in the flavor SU(3) symmetry to form flavor singlet and octet. However, flavor SU(3) is broken. In experiments, we have η and η ′ instead of η 1 and η 8 for pseudoscalar. In the present calculation, flavor SU(3) symmetry is not used, so we have flavor wavefunctions X n and X s . As a consequence of K-meson exchange, they are mixed. To obtain the masses of I = 0 states, the following procedure is taken. First, solving the Schrödinger equation for X n and X s separately (Kmeson exchange is not employed). Secondly, by using the wavefunctions Ψ n and Ψ s obtained in the first step and taking into account of K-meson exchange, the eigen-energies and eigen-states can be obtained by diagonalizing the Hamiltonian matrix
where H nn = Ψ n |H|Ψ n , H ns = Ψ n |V K |Ψ s = H sn and H ss = Ψ s |H|Ψ s . The eigen-state is |Ψ = C n |Ψ n + C s |Ψ s . The obtained eigen-energies and eigen-states are shown in Table 3 . From Table  3 , one finds that η(1760), X(1835), X(2120), X(2370) may be interpreted as η
respectively by comparing the theoretical masses with the experimental data. To check these assignments, the decay properties of the states should be studied, which is discussed in the next section. Table 4 . Table 4 . Allowed decay modes and the amplitudes of the radial excited states of η and η ′ . For Xn decay,
, 0 for IB = IC = 1, 1/2, 0(Xn), 0(Xs) and for Xs decay, φ f = 0, 2 3 , 0, 1 3 for IB = IC = 1, 1/2, 0(Xn), 0(Xs).
M 000 = ( Table 4 . To calculate the strong decay widths of mesons, the strength of the quark pair creation from the vacuum, γ, has to be fixed. It is obtained by fitting the experimental values of the strong decay widths of light and charmed mesons, charmonium and baryons. In the present work, γ = 6.95, which is adopted by many researches [30] [31] [32] , is taken for the non-strange quark pair creation, and the strength of ss creation satisfies γ s =γ/3 [33] .
The experimental evidence for η(1760) is controversial. There are large differences between the observations of MARK III, DM2 and BES collaborations [1, [3] [4] [5] [6] . In our calculation, the mass of η ′ (2 1 S 1 ) is 1795 MeV, which is close to the experimental mass of η(1760). So we take it as the candidate of η(1760). In Fig.2 , we show the dependence of the partial widths of the strong decay of the η ′ (2 1 S 0 ) on the R A . Taking R A =3.0-4.3 GeV −1 discussed above, the total width ranges from 256 to 404 MeV, which is much larger than the results given by Mark III and DM2 collaboration, but falls in the range of the BES experimental data. In this range, η ′ (2 1 S 0 ) have a sizable branching ration into πa 0 (980), πa 2 (1320), ρρ, and KK * . But the partial width to ωω is rather small. If the BES results are reliable, the assignment of η(1760) to η ′ (2 1 S 0 ) is disfavored in the present calculation. In Ref. [19] , η(1760) is taken as η(3S), the total decay width is between 60-100 MeV, which falls in the range of DM2's results, but is far below BES's results. X(1835) was first observed by BESII in the π + π − η ′ invariant-mass spectrum in the decay channel J/ψ → γπ + π − η ′ with a statistical significance of 7.7 σ [1] . BESIII confirmed it in the same process with statistical significance larger than 20σ [2] . In the present calculation, the mass of η(4 1 S 0 )=1807 MeV is close to the mass of X(1835), so the assignment of X(1835) to η(4 1 S 0 ) is possible, which is different from the assignment of Ref. [19] , η ′ (3S). In Fig. 2 , the dependence of the partial widths of the strong decay of the η(4 1 S 0 ) on the R A is shown. From the mass calculation, R A =4.6-7.5 GeV −1 is obtained. In this range, the total width ranges from 54 to 692 MeV, which falls in the range of the BES experimental data, and the main decay modes are πa 0 (980) and πa 0 (1450).
We suggest experimental search for X(1835) in these modes to make sure whether it is η(4 1 S 0 ) assignment. Besides confirmed the existence of X(1835) in the π + π − η ′ invariant-mass spectrum in the process J/ψ → η ′ π + π − , other two states X(2120) and X(2370) are observed by BESIII with statistical significance larger than 7.2σ and 6.4 σ, respectively. By comparing the masses of the η(η ′ ) family, it is possible to take η ′ (3 1 S 0 ) and η ′ (4 1 S 0 ) as the candidates of X(2120) and X(2370). Because of their large masses, many strong decays modes are allowed. In Figs. 4 and 5, the partial widths of their strong decays are shown. For η ′ (3 1 S 0 ) with R A =3.7-5.6 GeV −1 and for η ′ (4 1 S 0 ) with R A =4.6-7.5 GeV −1 , the decay widths are much higher than the experimental data of BE-SIII. Because both X n and X s have contributions to the state nssn, the partial width of the strong decay to two isospin I= 
summary and discussions
By using chiral quark model, the mass spectrum of η(η ′ ) family are calculated, where the mixing between (uū + dd)/ (2) and ss is determined by system dynamics, K-meson exchange. Based on the mass spectrum, the possible candidates of four J P C I G = 0 −+ 0 + mesons, η(1760), X(1835), X(2120) and X(2370) are assigned to η ′ (2 1 S 0 ), η(4 1 S 0 ), η ′ (3 1 S 0 ), η ′ (4 1 S 0 ). Furthermore, all kinematically allowed two-body strong decays of them can calculated in the framework of the 3 P 0 model. The wavefunctions needed in the calculation are obtained from the mass calculation. To simplify the calculation, the SHO wavefunctions are used to mimic the real wavefunctions.
The decay widths turn out to be strongly dependent on the SHO wave function scale parameter β. For η(1760), the width is larger than the result of [6] and is compatible with the results of BES observation [1] in the R A range. However the partial width to ωω is too small, which it is incompatible with experimental date [1, 3, 6] . So the assignment of eta(1760) to η(2S) is disfavored in the present calculation. For the state X(1835), the calculated decay width is consistent with experiment data, and πa 0 (980) and πa 0 (1450) are the main decay modes. To justify this assignment, the experimental investigation of the πa 0 (980) and πa 0 (1450) decay modes of X(1835) is needed. Sine X(1835) is around the threshold of pp, it may be the the mixture ofand baryonium. Further study of the state X(1835) by taking into account of the mixture is essential to understand the nature of the state.
X(2120) and X(2370) are assigned to η ′ (3 1 S 0 ) and η ′ (4 1 S 0 ) respectively. Since they have larger masses, many strong decays modes are allowed and have a large phase space to some modes. The total decay widths are much higher than the experimental val-ues. The large decay width may de due to the overestimated value of γ. To exclude the impact of parameters, the branching ratio is better to justify the assignment. More experimental data are needed. Since the lattice QCD predicts the 0 −+ glueball is about 2.3∼2.6 GeV, which is around the masses of X(2120) and X(2370), the study with the mixture of qq, glueball and other configurations are necessary to understand the nature of X(2120) and X(2370) states.
